Superconductivity in topological materials has attracted a great deal of interest in both electron physics and material sciences since the theoretical predictions that Majorana fermions can be realized in topological superconductors (1-4). Topological superconductivity could be realized in a type II, band-inverted, InAs/GaSb quantum well if it is in proximity to a conventional superconductor. Here we report observations of the proximity effect induced giant supercurrent states in an InAs/GaSb bilayer system that is sandwiched between two superconducting tantalum electrodes to form a superconductor-InAs/GaSb-superconductor junction. Electron transport results show that the supercurrent states can be preserved in a surprisingly large temperature-magnetic field (T − H) parameter space. In addition, the evolution of differential resistance in T and H reveals an interesting superconducting gap structure. Majorana Fermions, which are their own anti-particles, possess non-Abelian properties and could potentially be utilized in topological quantum computations (2). It is therefore not surprising that the search for Majorana fermions in solid state systems has attracted a great deal of attention in recent years. Among many theoretical proposals, hybrid systems of an s-wave superconductor in proximity to a 2D topological insulator (TI) with strong spin-orbit coupling (1, 3, 5-8) are amongst the most promising. Out of the theoretically known 2D TI systems, HgTe/HgCdTe (9-11) and InAs/GaSb (12-14) are currently under extensive experimental study. In both cases, the conventional semiconductor will have a phase transition to a quantum spin Hall (QSH) insulator when the quantum well (QW) width exceeds a critical value d c (9, 12, 15). In the QSH regime, a 2D TI exhibits an insulating bulk and conductive protected helical edge states. When put in proximity to a conventional s-wave superconductor, it has been shown that superconductivity (which would then necessarily be of topological nature) can be induced in the edge channels. Recent transport experiments in HgTe/HgCdTe (16) and InAs/GaSb (17) samples have shown probable edge-mode superconductivity in these 2D topological insulators. However, further studies on supercurrent spatial distributions may be needed (18). In this letter, we show the observation of giant supercurrent states in a high quality superconductor-InAs/GaSb-superconductor hybrid device.
Majorana Fermions, which are their own anti-particles, possess non-Abelian properties and could potentially be utilized in topological quantum computations (2) . It is therefore not surprising that the search for Majorana fermions in solid state systems has attracted a great deal of attention in recent years. Among many theoretical proposals, hybrid systems of an s-wave superconductor in proximity to a 2D topological insulator (TI) with strong spin-orbit coupling (1, 3, (5) (6) (7) (8) are amongst the most promising. Out of the theoretically known 2D TI systems, HgTe/HgCdTe (9-11) and InAs/GaSb (12) (13) (14) are currently under extensive experimental study. In both cases, the conventional semiconductor will have a phase transition to a quantum spin Hall (QSH) insulator when the quantum well (QW) width exceeds a critical value d c (9, 12, 15) . In the QSH regime, a 2D TI exhibits an insulating bulk and conductive protected helical edge states. When put in proximity to a conventional s-wave superconductor, it has been shown that superconductivity (which would then necessarily be of topological nature) can be induced in the edge channels. Recent transport experiments in HgTe/HgCdTe (16) and InAs/GaSb (17) samples have shown probable edge-mode superconductivity in these 2D topological insulators. However, further studies on supercurrent spatial distributions may be needed (18) . In this letter, we show the observation of giant supercurrent states in a high quality superconductor-InAs/GaSb-superconductor hybrid device.
Molecular beam epitaxy techniques were utilized to grow high quality InAs/GaSb bilayer structures. The growth structure of the InAs/GaSb quantum well bilayer is similar to that reported in the past (19) , except that the InAs QW width is in the critical regime of d c ∼ 10 nm (with a GaSb QW width of 5 nm) (20). An eight-band Kane model calculation shows that at this critical width d c , the lowest electron energy band (E 1 ) in InAs will touch the highest hole energy band (H 1 ) in GaSb at k = 0 in momentum space, forming a Dirac cone-like feature in the band structure (11) . Given that the critical width is approximate (even with a realistic eight band Kane model), 2 we can say that the bulk system has a very small (or vanishing) gap near or in the topological regime. Superconducting tantalum (Ta) electrodes were directly deposited onto the InAs layer after photolithography patterning and wet chemical etching procedures to expose that layer. A Ta-bilayer-Ta junction was formed ( Fig. 1(a) and (b) ). The minimum separation of the two superconducting Ta electrodes is L ≈ 2 µm (21). Fig. 1(c) shows the temperature (T ) dependence of the junction resistance (R) in absence of a magnetic field (H). A sharp superconducting transition of the Ta leads can be seen at 1.5 K, with no noticeable change of resistance near 4.47 K (the superconducting transition temperature T c of Ta bulk). The finite resistance at low temperature is due to a section of the bilayer between the two Ta electrodes. As temperature is further decreased, a dissipationless supercurrent is observed to pass through the junction as shown in Fig. 1(d) and (e). A typical dc current-voltage (I-V ) trace at T = 90 mK is shown in Fig. 1(d) . For large I (|I| > 20 µA, not shown), the I-V curve is simply a straight line indicating a normal state following Ohm's law. As |I| decreases below a critical value I c ≈ 3.5 µA, the voltage across the junction maintains a zero value and clearly demonstrates a complete superconducting path throughout the junction, which is consistent with the differential resistance (dV /dI) result shown in Fig. 1(e) . In the intermediate I regime between I c < |I| 8 µA, fluctuations are observed in the I-V trace.These fluctuations are clearly seen in the dV /dI curve of Supplementary Fig. S1 ). We notice that these are random temporal fluctuations. Details of the fluctuations in dV /dI are not reproduced in repeated measurements. This is different from the fluctuations observed in strained HgTe (11) , where aperiodic fluctuations in dV /dI are reproducible in voltage bias for different dV /dI measurements. In Fig. 1(e) , two pairs of dV /dI peaks (marked as A, A and B, B in graph) can be seen above the fluctuating background. These peaks (or differential conductance dips) near zero bias normally signal the 3 breakdown of Cooper pairs near the critical current I c .
In Fig. 2(a) , dV /dI is displayed over a large dc bias current range. An additional pair of pronounced dV /dI peaks (C and C ) appear at higher bias current. We note that the current positions of all three peaks are reproducible and robust against the random temporal fluctuations but sensitive to external magnetic field. With increasing field, the existing peaks occur at smaller currents. By tracking the field dependence of peaks, we may acquire information about the superconducting gap structures. For example, the A and A peaks disappear at ∼ 140 mT ( Fig.   2(b)) . Surprisingly, at the same field, the fluctuations in dV /dI are also greatly suppressed, too. Fig. 2(c) ). Considering the small energy gap associated with the A(A ) peaks and that the A(A ) peaks are destroyed by relatively weak magnetic field (10) , here we propose to attribute the A(A ) peaks to the onset of the induced superconductivity in the edge channels. This assignment is also consistent with a recent observation (17) . As shown in a band inverted InAs/GaSb S-N-S junction in Ref. 17 , the induced edge channel superconductivity is very weak, i.e., it shows up only in a small current (∼nA) and magnetic field (∼mT) region. For B and B peaks, ∆ B−B (H = 0) = 0.25 mV and the peaks vanish at µ 0 H = 1.1 T. For C and C peaks, ∆ C−C (H = 0) = 1.5 mV and they vanish at µ 0 H = 2.2 T (see Supplementary Fig. S2 ).
Assuming that ∆ corresponds to a superconducting gap, the corresponding critical temperatures are T c = 0.26 K, 0.82 K, and 4.9 K for A, B and C peaks, respectively. We note that the C peak critical temperature is close to the T c of superconducting Ta bulk. With a further increase of the magnetic field, the minimum of dV /dI at I = 0 (zero bias conductance peak) increases and becomes a local maximum at zero bias at ∼ 5.7 T. At even higher fields, only a weak peak at zero bias current remains, which resembles the dV /dI of bilayer itself (Supplementary Fig. S3 ).
To further investigate the parameter space where supercurrent can exist, dc resistance versus magnetic field traces, R(H, T = 30 mK) at various DC bias currents (I) are shown in Fig. 3(a) .
For the lowest I, the superconducting region is surprisingly wide and spans −1. Fig. 2(a) ). Therefore, we attribute B and B peaks to the induced superconductivity through bulk transport in the bilayer. As the current increases, the critical field H c (I) decreases as expected. However, some R > 0 (i.e., non-superconducting) regions show up inside the superconducting regime ( Fig. 3(a) ). This interlace of superconducting and non- The temperature dependence of I-V in zero magnetic field is shown in Fig. 4 (a). For each temperature, a dc current is scanned in both increasing and decreasing directions to cover the whole supercurrent region. The superconducting region shrinks as temperature increases and completely vanishes at T ∼ 1.16 K, which we take as the T c of the induced superconductivity in this junction.
Hysteresis loops exist in some traces near the critical current I c . One can trace the temperature dependence of the critical current I c and the retrapping current I r (outer and inner boundaries of the hysteresis loop, respectively) as shown in Fig. 4(b) . In most traces, I c and I r are roughly the same, or the hysteresis loop is very small or unobservable. In addition, both I c and I r have a weak temperature dependence at T < 400 mK, then a quick decay at higher temperatures. Data at T > 400 mK can be fitted by the proximity-effect theory (24) as the solid line in the plot.
Based on this theory, I c ∝ and the superconducting coherence length in the superconductor Ta, ξ S . In the "clean limit", i.e., to be exponentially weak, while it is not the case in this sample. This unusually large proximity effect has been reported in high transition temperature superconductors as the "giant proximity effect" (26) . To fully understand the aforementioned results in this junction sample, a Hall bar sample with an electrostatic gate was fabricated from the same bilayer wafer as a reference sample.
Quantum Hall measurements on this reference sample ( Supplementary Fig. S6 ) show that bilayer wafer sheet resistivity is 0.315 kΩ, the charge carrier density is n = 1.8 × 10 the junction is very transparent and it is in the strong coupling region (27) . Therefore, a strong proximity effect is expected. Second, a strong spin-orbit (S-O) interaction can also enhance the T c
as it results in a triplet component in ∆ N which tends to counter pair breaking effect and stabilize superconductivity (27) . In this bilayer system, the S-O interaction is strong (E SO = 0.38 eV for InAs and 0.75 eV for GaSb (28) 
Materials and Methods
The InAs/GaSb bilayer sample was grown by molecular beam epitaxy on a GaSb substrate.
The The dc I-V characteristics of the sample were measured with dc voltage or current sources and digital multimeters in a two terminal configuration as shown in Fig. 1(b) . For differential resistance measurements, a small ac current (∼ 10 nA, 13 Hz) was summed with the dc current then feed to the junction, and the ac voltage response of the sample was measured by the standard lock-in technique.
The sample was cooled to either 90 or 30 mK in two dilution refrigerators. For all measurements in magnetic field, the field directions were perpendicular to the sample surface. In all magnetic fields, dV /dI(I) shows hysteresis near zero I, when the dc bias I scan direction (arrows in main plot) changes. Furthermore, the traces show weak field dependence, except the larger peak near dc I = 0. The right inset shows the field dependence of the ac resistance R (or differential resistance at zero bias, dV /dI| I=0 ) for the larger peak. R is the longitudinal sheet resistivity. R xy is the Hall resistance.
